In this study, numerical simulations of 'Yamase' clouds were conducted using a nonhydrostatic model (NHM). Yamase clouds are typical maritime boundary-layer clouds that frequently appear over the sea off the east coast of the Sanriku District (northeast Honshu Island, Japan) during the summer season. The simulation period was from July to August 1993, when cool easterly winds (termed Yamase winds) prevailed. The NHM, with a horizontal grid of 40 km (NHM40) was integrated, nested within global objective analysis data, for one month by adopting sponge boundaries widely to lateral grids and upper layers, in order to reproduce a synoptic situation. The synoptic weather pattern is precisely reproduced in the long term integration.
Introduction
In general, marine stratiform clouds frequently occur in the maritime atmospheric boundary layer (hereafter MBL) over the sea, covering wide mesoscale or even synoptic-scale regions under certain characteristic weather conditions (Houze 1993 ). These MBL low-level clouds are highly reflective of solar radiation and play a significant role in the Earth's radiation budget because of their large horizontal extent and long lifetime (e.g., Randall et al. 1984; Slingo 1990 ). Furthermore, the MBL clouds severely affect people's lives in terms of such activities as transportation, agriculture, and fishing. Various physical processes can influence the formation and structure of MBL clouds: one of the most important processes of cloud formation and evolution is radiative cooling at the cloud top, regarded as interaction between cloud radiation and cloud formation, turbulence (e.g., Oliver et al. 1978; Pilie et al. 1979; Urano et al. 1990 ). The shapes and cloud water path of low-level clouds are affected by the entrainment of dry air from the free atmosphere at the MBL top; this makes the mixed layer less humid and unstable, because of the evaporation of cloud water (e.g., Lilly 1968; Randall 1980; Deardorff 1980a) . It is also known that strong heating by sensible and latent heat fluxes from the sea surface cause an air mass transformation and the transition of a layered cloud deck to thin and broken stratocumulus clouds, penetrated from below by cumulus clouds (de Roode and Duynkerke 1997) .
The state-of-the-art performance of numerical models, such as atmospheric general circulation models (AGCMs), and numerical weather prediction (NWP) models, is insufficient to simulate low-level stratiform clouds adequately, mainly because of the coarse spatial resolution of the models and the large uncertainties involved in cloud radiation and formation processes (e.g., Wetherald and Manabe 1980; Ishii et al. 1994; Duynkerke and Teixeira 2001 ). Simulations of low-level clouds in the marine boundary layer have been conducted using various numerical models (e.g., Ballard et al. 1991; Nakanishi 1999; Wetzel et al. 2001) . Among them, Nakanishi (1999) successfully simulated sea fog and low-level clouds during a Yamase event using a 15 km mesh model with an ensemble-averaged turbulent closure scheme of the level-2.5 model of Yamada (1977) . The turbulent scheme was improved by comparison with a large eddy simulation (LES) result, and the partial cloudiness scheme was based on the probability density function (PDF) idea of Sommeria and Deardorff (1977) , and Mellor (1977) . However, Nakanishi (1999) could not directly resolve cloud structures of low-level clouds because of insufficient horizontal resolution in his model.
In this study, to simulate MBL low-level clouds, a nonhydrostatic model (NHM), developed in collaboration with the Meteorological Research Institute (MRI), and the Numerical Prediction Division (NPD) of the Japan Meteorological Agency (JMA) (Saito et al. 2001 ) is used. The nonhydrostatic model is hereafter abbreviated as MRI/NPD-NHM. The MRI/ NPD-NHM has been applied mainly to convective clouds that cause heavy rainfall (e.g., Saito 1997; Kato 1998). Eito et al. (1999) attempted to simulate wintertime stratocumulus clouds over the sea around Japan, and they reported that the observed features of marine stratocumulus, and cloud streets caused by an outbreak of a cold air mass, were well simulated using the three-dimensional 2 km mesh MRI/NPD-NHM. Furthermore, Murata et al. (2005) conducted a cloud-resolving simulation of cumulus convection using a multi-nested MRI/NPD-NHM, and applied the simulated vertically variable entrainment rate to the cumulus parameterization of Arakawa and Schubert (1974) in the low-resolution MRI/NPD-NHM. They were able to resolve the issue of underestimating moisture in the middle and upper troposphere. This suggests that it is effective to use results from a cloud-resolving simulation for improving the parameterization of lowresolution models, and that the MRI/NPD-NHM is an adequate model for this purpose.
Yamase clouds are typical MBL clouds that occur over the ocean, east of the Sanriku District (northeast Honshu, Japan), during the summer season when cool easterly winds blow from anticyclones over the Okhotsk Sea; such a wind is termed ''Yamase wind.'' In this study, Yamase clouds are chosen as a research target, because they are simple liquid water clouds without an ice phase and they share the major physical processes common to general MBL clouds in their formation and evolution. Using a multi-nested technique of several MRI/NPDNHMs with different resolutions, the marine boundary layer and low-level clouds occurred over the sea off the coast of Kanto District, in a Yamase event are simulated during the summer of 1993. We primarily concentrate on the dependence of the simulated cloud features on model resolution, fine structures, and features of the clouds simulated by the 100 m mesh highest-resolution model. In Section 2, the specifications of the model and the experimental design are briefly described. In Section 3, the Yamase cloud simulation experiments, that are carried out using a multi-nested technique are presented. In Section 4, the superiority of high-resolution models to low-resolution models, and the necessity of improved cloud parameterizations for low-resolution models are discussed. Summary and concluding remarks are provided in Section 5.
Numerical model and experimental procedures

Nonhydrostatic model
A fully compressive version of the MRI/NPD-NHM is used in the present numerical simulation. In the semi-implicit version of the model, sound waves are implicitly solved for both the horizontal and vertical directions (HI-VI scheme; Saito 1997) . Given the initial and lateral boundary conditions, the model can simulate realistic situations (Saito 1994) . The MRI/ NPD-NHM involves a bulk cloud microphysics scheme (Ikawa et al. 1991) that is based on the schemes of Lin et al. (1983) and Murakami (1990) . The scheme computes the conversion process of water substances. In this study, only the warm cloud process is considered, as Yamase clouds are summertime MBL liquid water clouds. In simulations with a horizontal resolution of 40 km, the moist convective adjustment of Manabe et al. (1965) is used as a cumulus convective parameterization, and a turbulent closure model, based on that of Klemp and Wilhelmson (1978) and Deardroff (1980b) is used, where turbulent kinetic energy is treated as a prognostic variable. The diffusion coefficients are dependent on the horizontal and vertical resolutions. At the lower boundary, the momentum flux and sensible, and latent heat fluxes, are calculated from the similarity law of MoninObukhov, by employing the method of Kondo (1975) for the sea surface, and that of Sommeria (1976) for the land surface. Ground temperature is predicted using a prognostic four-layer scheme in which the shortwave and longwave radiation fluxes, and the sensible and latent heat fluxes, are computed at the surface (Kato 1996) . An absorption layer with Rayleigh damping is imposed at the upper boundary, and the Rayleigh damping of Davis (1976) , and the radiation condition of Orlanski (1976) , are jointly imposed as the lateral boundary conditions.
Radiation scheme
Cloud-radiation interaction processes play an important role in the formation of Yamase clouds (e.g., Urano et al. 1990; Kawano 1989) . In the present study, the original radiation scheme of Sugi et al. (1990) is modified in the following way. For shortwave radiation, the radiation scheme (Iwasaki and Kitagawa 1996; Kitagawa 2000) used in the JMA Global Spectral Model (GSM9603) is introduced, which is based on the 18-band model of Briegleb (1992) , using the k-distribution method. Cloud optical parameters such as optical depth, single scattering albedo, and asymmetry factor are directly estimated from the predicted cloud water content and an assumed effective cloud-particle radius (Slingo 1989) . The effective radius is assumed to be 15 mm, considering the mean value of 13.5 mm estimated by Iwabuchi (1998) from satellite remote sensing for Yamase clouds observed in 1993. The shortwave radiation scheme proved to be effective in simulations of the Asian Monsoon (Iwasaki and Kitagawa 1998) .
For longwave radiation, the total spectral region is divided into four broad bands, and gaseous absorption parameters in each band are determined by employing the random model (Goody 1952) . Assuming that clouds are gray bodies, cloud emissivity can be directly computed from the model-predicted cloud water content (Yamamoto and Satomura 1994; Eito et al. 1999 ). This assumption brings complete cloudiness to a grid with a nonzero cloud water content; that is, partial cloudiness and cloud overlapping are hardly considered in the longwave radiation scheme (the so-called emissivity method). This simplification is undertaken to reduce computational complexity and computing time. The applicability of the emissivity method may be limited to models with high horizontal resolution, in whose grids partial cloudiness (cloud fraction) can be neglected. In the present MRI/NPD-NHM, the scheme is arranged to monitor the computed shortwave and longwave radiative heating rates, cloud radiative forcing, and brightness temperature at the top of the atmosphere. This arrangement makes it possible to compare directly the computed results with those from satellite observations.
Multi-nesting procedure
To simulate the fine structures of Yamase clouds, numerical experiments are conducted using the NHM with various horizontal resolutions by means of a multi-nesting technique. In the multi-nesting procedure, the horizontal resolutions of the MRI/NPD-NHM are set to 40 km (NHM40), 10 km (NHM10), 2 km (NHM2), 500 m (NHM05), and 100 m (NHM01). JMA global objective analysis (hereafter GANAL) data are used as the initial and lateral boundary conditions for the NHM40 run. Figure 1 shows the computational domain and topography of the NHM40 and NHM10 runs. In the NHM40, NHM10, and NHM2 runs, 38 vertical layers are employed. As the vertical resolution of the 38-layer model is insufficient to simulate thin MBL clouds, 65 layers and 90 layers are used in the NHM05 and NHM01 runs, respectively. The height of the model top is taken to be approximately 23 km above sea level, and the time steps are set to 15, 5, 3, and 2 seconds for the NHM10, NHM2, NHM05, and NHM01 runs, respectively. As shown in Fig. 2 , the initial time in starting a time integration is shifted to a later time at each nesting step. The effects of turbulent mixing depend on the model resolutions, while physical parameters of cloud microphysics and the radiation schemes remain constant, being independent of horizontal resolution. Sea surface temperature, derived from GANAL data, is fixed in the NHM40 simulation, as shown in Fig. 3 , and in the models with higher resolutions, the sea surface temperature is interpolated from the values estimated by the nesting technique. The detailed settings of the multi-nesting procedure are provided in Table 1 . 
Experimental results
Synoptic weather situation
In 1993, typical Yamase weather brought severe crop damage to northern Japan because of the cold summer. A blocking ridge appeared in the Far East region, and a high-pressure system developed over the Sea of Okhotsk (hereafter termed the Okhotsk Sea high). Furthermore, the Pacific high-pressure system, which is a subtropical high in the Northwest Pacific (hereafter the Pacific high), was biased to the south, and the extension of the high around Japan was weak. Consequently, frequent typhoons passed over the Japan Islands (Bokura 1995; Wakahara and Fujikawa 1997) . The 1993 Yamase event is chosen as a good research target in the present study. Figure 4a shows the synoptic weather chart at 0900 JST on 2 August 1993. After a typhoon (T9306) made land over Kyushu Island on 30 July, it changed into an extratropical cyclone and moved northward over the Sea of Japan. The extratropical cyclone then crossed over northern Japan and moved away to an area east of the Sanriku District. On 2 August, a stationary front developed over Japan. Warm and moist southerly air flowed out from the Pacific high toward western Japan, causing heavy rainfall (Fig. 4b) . As shown in the NOAA-11 near-infrared image for 1353 JST on 2 August (Fig. 5) , low-level clouds were observed over a wide region of the western North Pacific, including the sea off the coast of Sanriku. At that time, the Okhotsk Sea high intensified and extended close to the north of Japan, and the northeasterly wind blew into the west side of the extratropical cyclone. The satellite image shows that the low-level clouds were rather uniform in the windward area, but were inhomogeneous with cellular structures in the leeward area and near the eastern cloud edges. The typical horizontal scale of the cellular structures was several kilometers. The convective and band-like cloud structures result from the strengthened sensible and latent heat fluxes that arose from the warmer sea surface in the area (Kudoh 1984) .
Multi-nested simulations
First, a one-month simulation of the synoptic weather pattern from 0900 JST on 15 July 1993 to 2100 JST on 15 August 1993 is executed using the 40 km mesh model (NHM40) nested with GANAL data (see Fig. 2 ). Longterm integration is successfully completed without any computational instability, and the NHM40 run provides a realistic simulation of the synoptic situation described above, including the extension of the Okhotsk Sea high. An overview of the long-term integration is discussed further in the Appendix. Then, the low-level clouds of the 1993 Yamase event, as shown in the satellite image in Fig. 5 , are simulated. Especially, uniform stratocumulus which distributed widely is chosen as a target of high resolution simulation. In the case of the stratocumulus over the sea off the coast of Kanto District in a Yamase event, it is thought that the mixed layer is more unstable because sea surface temperature in the Kuroshio Current area is higher than that in the Oyashio Current area. Figure 6 shows the geographical distribution of the simulated low-level clouds in terms of liquid water path (LWP), the vertically integrated amount of cloud liquid water over the cloud layer, at 0900 JST on 3 August. The rectangles in Figs. 6a-d show the domains of simulations of the higher resolution models. Note that the gray scale of the upper panels differs from that of the lower panels. All the models, except NHM40, reproduce the low-level clouds over the sea off the east coast of Sanriku, but the simulated cloud morphology, cloud fraction, and LWP vary markedly in each simulation. For the higher resolution models, roll-shaped structures appear, and the cloud structures become more complicated with decreasing LWP and cloud fraction. Only NHM40 is unable to reproduce low-level clouds. This failure is due to the simplified cumulus parameterization: the moist convective adjustment of Manabe et al. (1965) that is employed in the simulation. The Rayleigh damping, which forces the potential temperature field to the GANAL, also affects water vapor saturation in the area of interest. In contrast, a very-high-resolution model such as NHM01 is able to simulate convective structures of the low-level clouds, as shown in Fig.  5 ; this suggests that NHM01 can reproduce the most realistic features of the clouds.
Numerical simulations using NHM01
As mentioned in Section 3.2, in the NHM01 simulation with the highest horizontal resolution of 100 m, roll-shaped clouds are reproduced along the direction of the northeasterly wind, and the cloud fraction in the computational domain does not exceed approximately 30%. The width of roll-shaped clouds is approximately 1-2 km, with an aspect ratio of approximately 5. The LWP of the roll-shaped clouds does not exceed 50 gm À2 . In this subsection, the features of the shallow convection simulated by NHM01 are examined.
First, the vertical profile of various physical elements averaged horizontally over the computational domain (10 km square) is surveyed. Figure 7a shows a vertical profile of the horizontally averaged potential temperature: an inversion exists at a height of around 350 m. The atmospheric boundary layer (or mixed layer) below the inversion is moist (Fig. 7b) ; the cloud water occurs only at heights between 200 m and 400 m (around the inversion), with a maximum value of approximately 0.04 g kg À1 (Fig.  7c) . In the mixed layer, total (resolved-scale plus subgrid-scale) turbulent kinetic energy is greater than in the free atmosphere above the inversion and has the extremal value at a height around 300 m (Fig. 7d) . In terms of radiative heating rates, a strong longwave cooling of approximately À25 K day À1 and a significant (Figs. 8a and b) . Therefore, in terms of net radiation, there is a net cooling by as much as À17 K day À1 around the inversion level (Fig. 8c) . This means that cloud-radiation interaction works to make the mixed layer thermodynamically unstable. Figure 8d shows a profile of condensation and evaporation heating rates; it shows significant evaporative cooling of approximately À7 K day À1 around 400 m height, caused by the entrainment of dry air from the free atmosphere into the mixed layer. The figure also shows strong condensation heating by as much as 20 K day À1 at heights between 200 m and 300 m. This profile demonstrates that the condensation and evaporation heating makes the mixed layer unstable, similar to the effect of radiation heating. The instability leads to the extremal value of the turbulent kinetic energy at a height around 300 m.
Next, we look at vertical structures of the simulated shallow convection within the MBL. Figure 9 shows vertical cross sections through the roll-shaped clouds. The profiles of cloud water mixing ratio, and subgrid-scale turbulent kinetic energy are shown in Figs. 9b and 9e, respectively. Cloud water forms in the updraft areas, with the maximum mixing ratio reaching 0.4 g kg À1 at heights around 350 m; the cloud water disappears in downdraft areas. The updrafts and downdrafts produce active shallow convection within the MBL, with the horizontal scale of the shallow convection being approximately 1 km. Furthermore, turbulent kinetic energy is greater in the updraft areas than in the downdraft areas and has its maximum value at heights between 300 m and 400 m (Fig. 9e) . Figures 9c and d show vertical cross sections of potential temperature and water vapor mixing ratio, respectively. The data indicate an evident inversion layer at heights around 400 m; the air below the inversion layer is well mixed, mainly by the shallow convection, and it contains more water vapor than the free atmosphere.
Corresponding figures for condensation heating and evaporation cooling rates, and the net radiative heating rate are given in Figs. 10a and b, respectively. Strong condensation heating, as high as 600 K day À1 , is generated in the updraft areas, and a competing evaporation cooling of approximately À600 K day À1 occurs in the side edges of the roll-shaped cloud top. It is thought that the strong heating and cooling act to strengthen the shallow convection. And then, Fig. 9b and Fig. 10a show that the height at which cloud water mixing ratio has its maximum value is higher than the height at which condensation heating has its maximum value, because of strong updraft. Net radiative cooling has a maximum rate of À100 K day À1 at heights around 350 m where most of the cloud water exists. The above results suggest that radiative cooling at the cloud top, and condensation heating at the cloud base, make the MBL thermodynamically unstable. That the instability acts to increase the turbulent kinetic energy. The shallow convection is able to mix the MBL thoroughly, and activate the entrainment of upper dry air into the mixed layer. Figure 11 shows the geographical distribution of LWP simulated by NHM10, with a horizontal resolution of 10 km. The simulated low-level clouds over the sea off the Sanriku coast are distributed in a similar way to the satellite-observed low-level clouds shown in Fig. 5 . Although inhomogeneous distribution patterns are evident in the observed clouds south of 37 N, the simulated clouds appear homogeneous and stratiform. This is because the horizontal resolution of NHM10 is not sufficiently fine to resolve the observed convective structures.
Numerical simulations using NHM10
Next, vertical structures of the MBL reproduced by NHM10 in the grid indicated by the ''þ'' symbol in Fig. 11 are discussed, where the grid location corresponds to the computational domain of NHM01. The vertical profiles that correspond to Figs. 7 and 8 of the NHM01 cases are provided in Figs. 12 and 13 , respectively. The MBL profiles produced by the NHM01 and NHM10 simulations are generally similar in trend, although they differ in quantity. Compared with the MBL profiles simulated by NHM01 (Fig. 7) , the inversion layer appears at lower heights, around 230 m, a thicker cloud layer occurs, a lower cloud base exists just above the sea surface, and the cloud top is at around 300 m. In the cloud layer, the turbulent kinetic energy is considerably small, and a much larger cloud water mixing ratio is produced (Fig. 12) . Corresponding to the thicker and denser cloud layer simulated by NHM10, much greater magnitudes of longwave cooling and shortwave heating, as well as condensation and evaporation heating, are produced at lower heights than those in NHM01 (Fig. 13 ). In contrast to the NHM01 case (Fig. 8c) , however, the cloud layer is generally heated by the net radiative effect (Fig. 13c) . Furthermore, strong evaporation cooling is caused by evaporation of cloud water below 100 m (Fig. 13d) . The total effects of the net radiative heating, and condensation-evaporation heating result in a stable mixed layer.
Further, the radiative effect on cloud for- mation is studied in a sensitivity experiment using NHM10, in which the cloud-radiation interaction process is excluded by setting LWP ¼ 0 gm À2 in the radiation scheme without any other change in the cloud microphysics scheme. The initial condition of the sensitivity experiment is taken from the 48-hour forecast values by NHM10; the initial time of the sensitivity experiment corresponds to 1500 JST on 2 August 1993. Figure 14 provides a comparison of the cloud distributions produced by the control run with nonzero LWP, and the experiment run at six hours after the initial time. In the experiment run, the low-level clouds in the western North Pacific region disappear almost instantly. This result suggests that the interaction between cloud radiation and cloud formation at night time is too strong in the NHM10 simulation.
Discussion
Validation of model performance
In this study, the NHM01 simulation can be regarded as a cloud-resolving model, to validate the performance of lower resolution models that are used in a practical sense. The performance of the cloud-resolving model itself must be subject to the horizontal resolution, and the treatment of such physical processes as turbulence, radiation, and cloud microphysics in the cloud-resolving model. Therefore, it is critically important to validate the performance of cloud-resolving models, by comparing model results with observational data. Cloud parameters such as cloud fraction and morphology, LWP, and the cloud top and cloud base heights are useful parameters for validating model-derived clouds. Unfortunately, no direct observational data of cloud physical parameters are available for the Yamase clouds studied here. In the present case, the satellite image in Fig. 5 reveals the convective nature of the low-level clouds, with cloudiness less than 100%, especially over the sea south of 37 N. This feature is consistent with the results of the NHM01 simulation of broken shallow convection. Kojima et al. (2006) used data from shipboard experiments, and satellite remote sensing, to determine that the time-and areaaveraged LWP for low-level clouds over the sea off the coast of Sanriku during a Yamase event in June 2003 were mostly in the range 20 gm À2 to 180 gm À2 , with a modal value of 70 gm À2 . They also reported that the cloud base height and mixed-layer height varied over the course of the Yamase event, with a mean cloud base height of 270 m, and a highest recorded mixedlayer height of approximately 1 km. Kanno (1997) analyzed the vertical profiles of Yamase air masses observed 1979 to 1993 from upper air observation data, collected at a land station at MISAWA (40.70 N, 141 .38 E), and found that in most cases for the 1993 event, the top of Yamase air masses was located between 950 hPa and 850 hPa. The above observational data cannot be directly applied to the results of our model simulations because of differences in the Yamase cases and locations; however, the observational data support the NHM01 results, with the smaller LWP and the higher mixing layer rather than the NHM10 results. It will be necessary in the future to observe the full life cycle of Yamase low-level clouds, and to validate the model performance by comparison with observational data.
4.2 Cloud-formation mechanisms in the NHM01 and NHM10 simulations As mentioned in Section 4.1, NHM01 reproduces the characteristic properties of the lowlevel clouds in Yamase events. NHM01 can explicitly resolve shallow convection and reproduce the concentration in condensation heating over updraft areas. It is thought that there is a positive feedback between the shallow convection and the condensation heating. The vertical transport of water vapor by shallow convection is mainly expressed as advection rather than vertical diffusion. In this case, clouds appear only over the small area of updrafts. It is likely that cloud top entrainment from the free atmosphere by shallow convection dries the mixed layer, and reduces the cloud fraction and LWP. As a result, the area-averaged cloud fraction is reduced, such that the cloud-radiation interaction in NHM01 is not as strong as that in NHM10. In addition, over the sea off the coast of Kanto District (Kuroshio Current area), sensible heat flux is much larger than that in the Oyashio current area. Therefore, in the case of the stratocumulus formed over the area, it is thought that interaction between cloud radiation and formation is relatively small compared with the case of the stratus formed in the Oyashio Current area in the general Yamase event.
Low-level thermodynamic states in the NHM10 simulation (Figs. 12a and 12b) are considerably different from those in NHM01 (Figs.  7a and 7b) . In NHM10, the mixed layer is too moist, and its height too low compared with NHM01. This is because NHM10 isolates mixed layer from the free atmosphere, due to the lack of the buoyant production of the turbulent kinetic energy and accordingly under- estimates entrainment of the dry air into it. Moreover, at night, the cloud top radiative cooling enhances condensation and vertical vapor transport within the mixed layer, while the condensation heating is almost compensated with the radiative cooling (see Fig. 14) . This suggests that the cloud radiation-formation feedback is responsible for overestimation of cloud water in NHM10.
Ideally speaking, any numerical model must reproduce the same area-averaged features irrespective of the model resolution. In this study, however, the low-resolution models overestimate the cloud fraction and LWP, whereas they underestimate the mixed-layer height in comparison with the high-resolution NHM01. These shortcomings indicate the necessity of adequate parameterization schemes. First, the excessively strong cloud radiation and formation feedback must be suppressed by taking into account a partial cloudiness parameterization together with a suitable relationship to the LWP (e.g., Sommeria and Deardorff 1977; Mellor 1977; Bougeault 1981; Chen and Cotton 1987) . Second, the excessive moistening errors in the mixed layer in NHM10 can be reduced by the entrainment of dry air from the free atmosphere. Considering cloud top instability, an air mass exchange between the mixed layer and the free atmosphere can be parameterized. Vertical diffusion in the mixed layer is formulated to present shallow convection. Adequate parameterization scheme of the buoyant production of a turbulent kinetic energy, such as a nonlocal boundary layer scheme, effectively reduces moisture in the mixed layer (e.g., Troen and Mahrt 1986; Holtslag and Boville 1993; Lock et al. 2000) . Recently, the JMA started an operational run of a 10 km nonhydrostatic model (JMANHM; Saito et al. 2006) , where a nonlocal effect was parameterized by Kumagai (2004) . Following Sun and Chang (1986) , the Fig. 13 . Vertical profiles of (a) longwave radiation heating rate (K day À1 ), (b) shortwave radiation heating rate (K day À1 ), (c) net radiation heating rate (K day À1 ), and (d) condensation and evaporation heating rate (K day À1 ), as simulated by NHM10 for 1100 JST on 3 August 1993.
vertical mixing length was determined by the PBL height. Verification of this scheme for Yamase low-level clouds, and development of further sophisticated schemes are the subject in future.
Summary and conclusions
The MRI/NPD-NHM was used to conduct numerical simulations of low-level maritime clouds associated with Yamase events in 1993. A one-month integration of the MRI/NPD-NHM was performed using a horizontal resolution of 40 km (NHM40), nested with the GA-NAL data. The results demonstrate that the long-term integration provides a realistic simulation of the synoptic weather situation. The effects of model resolution on simulation results for the MBL, and associated low-level clouds, were also studied through a multinesting technique in which five models with resolutions were nested, one after the other, to the results of a long-term integration using a lower resolution model. The Yamase low-level clouds simulated by the different models, differ markedly in terms of cloud features, such as cloud shape and structures, cloudiness, LWP, and mixed-layer height, as well as the dominant physical processes of cloud formation and evolution.
The NHM01 with 100 m mesh horizontal resolution provides a satisfactory simulation of convective structures apparent in satellite im- ages as shallow convection; the simulated LWP values are small, similar to other observed values. In contrast, the NHM10 with a 10 km mesh horizontal resolution produced quite different features of the MBL and low-level clouds, although they are depicted in the same locations as those simulated by NHM01. Although no direct observational data are available for the Yamase clouds analyzed in the present study, the limited comparison, detailed in Section 4.1, indicates that the NHM01 provides a more realistic simulation of low-level maritime clouds than NHM10. Low-resolution models such as NHM10 contain several shortcomings: The partial cloud fraction, and partial condensation, are not adequately considered in NHM10. In addition, NHM10 is unable to treat properly the effects of shallow convection that vertically mix the boundary layer and entrain dry air from the free atmosphere. These shortcomings should be overcome by introducing improved parameterizations as a partial condensation scheme, and an adequate scheme of the buoyant production such as a nonlocal boundary layer scheme. 2100 JST on 15 August 1993. The NHM40 has a horizontal resolution of 40 km and 38 vertical layers (the top of the model is set to approximately 23 km). The time step of integration is set to 20 seconds, and the moist convective adjustment scheme of Manabe et al. (1965) is used for cumulus convection. The warm rain scheme, and emissivity method are adopted in NHM40 for cloud microphysics and longwave radiation processes, respectively. Sea surface temperature is also derived from the GANAL data, and is fixed during the integration period (Fig. 3) . For the lateral boundary conditions, the Rayleigh damping relaxation scheme proposed by Davis (1976) is employed for pressure, horizontal wind, and potential temperature, but not for water vapor. When a relaxation layer, with a width of six grids, is taken from the lateral boundary for Rayleigh damping, the simulated fields of pressure, wind, and potential temperature are considerably different from those of the GANAL data. Therefore, a 20-grid width for the relaxation layer of Rayleigh damping and 600 seconds as an e-folding time at the lateral boundary are adopted. Figure A1 shows the sea-level pressure fields of the GANAL data, and the corresponding prediction by NHM40 for 0900 JST on 2 August 1993. The simulated pressure field is the result of a 432-hour (18-day) forecast from the initial time. NHM40 reproduces the synoptic features, such as the extension of the Okhotsk Sea high to the north of Hokkaido, the northeasterly wind over northern Japan, and the surface wind shear near the seasonal rain front, among other features. Figure A2 shows temporal variations in the GANAL data and simulated seasurface pressures. NHM40 reproduces the total mass in the computational domain, the GANAL features of the potential temperature field at 850 hPa, and the water vapor mixing ratio field at 700 hPa (not shown). Figure A3 shows the geographical distribution of the three-hour accumulated rain at 0900 JST on 2 August 1993. Even though lateral boundary relaxation is not employed for water vapor, the distribution of a heavy rainband over western Japan is well simulated; the rainband corresponds to the seasonal rain front shown on the weather chart in Fig. 4 . 
